Computed tomography (CT) of the head has become the diagnostic tool of choice, particularly for moderate and severe traumatic brain injury (TBI). Various CT characteristics are associated with outcome, and may therefore be used as outcome predictors. One of the most prominent predictors appears to be the status of the basal cisterns. This study describes the prognostic value of the appearance of individual cisterns and ventricles in relation to that of the basal cisterns. Further, we determine the interrater and intrarater reliability in the evaluation of the cisterns and ventricles. All consecutive moderate and severe adult TBI patients admitted to our hospital were included in this study as part of the prospective Radboud University Brain Injury Cohort Study (RUBICS). Outcome was assessed at 6 months post-trauma using the Glasgow Outcome Scale-Extended (GOS-E). The predictive value of cisterns and ventricles was determined using multivariate binary logistic regression analysis. We included 126 moderate and 574 severe TBI patients. Absence (complete obliteration), but also compression of the ambient cisterns and=or the fourth ventricle were strongly related to unfavorable outcome and death and emerged as the only significant outcome predictors after multivariate analysis. The assessment of the ambient cisterns and the fourth ventricle had a satisfactory inter-and intrarater reliability (kappa coefficients: 0.80-0.95). We conclude that, because obliteration of the ambient cisterns and the fourth ventricle both are better than the status of the basal cisterns as outcome predictors, they might be used in CT prediction models in cases of moderate and severe TBI.
Introduction
C omputed tomography (CT) scanning of the head has become the principal diagnostic tool in traumatic brain injury (TBI) since its introduction in 1971 (Metting et al., 2007) . Today, a head CT scan is performed routinely, especially in the acute phase of moderate and severe TBI, but also in a large proportion of mild TBI patients. It is used to identify traumatic cranial and intracranial abnormalities requiring immediate neurosurgical intervention or extensive monitoring. Further, it has been acknowledged that CT characteristics are associated with outcome after moderate to severe TBI, and it may therefore be used to predict outcome  The American Association of Neurological Surgeons, 2000) .
One of the most prominent CT characteristics that has emerged as a powerful predictor of outcome is the appearance of the basal cisterns. Although most studies use the term ''perimesencephalic cisterns'' when referring to the basal cisterns, no clear definition exists to delineate the basal cisterns (The American Association of Neurological Surgeons, 2000) . Compression or absence of the basal cisterns is strongly associated with adverse outcome in severe TBI, resulting in a two-to fourfold increase in mortality or unfavorable outcome compared to patients with normal basal cisterns (Colquhoun and Burrows, 1989; Eisenberg et al., 1990; Liu et al., 1995; Maas et al., 2005 Maas et al., , 2007 Selladurai et al., 1992; Toutant et al., 1984; van Dongen et al., 1983) . Moreover, complete and partially obliterated basal cisterns are considered a sign of raised intracranial pressure (ICP) (Colquhoun and Burrows, 1989; Teasdale et al., 1984; Toutant et al., 1984) . However, in some studies of outcome in moderate and severe TBI, the status of the basal cisterns was not found to be an independent predictor (Lannoo et al., 2000; Signorini et al., 1999a Signorini et al., , 1999b . One explanation might be that in these studies absent pupil reactivity proved to be an outcome predictor, and a strong association has been found between the status of the basal cisterns and pupil reactivity (Teasdale et al., 1984 ; van Dongen et al., 1983) .
The status of the perimesencephalic cisterns is also used to classify TBI. In the widely recognized Traumatic Coma Data Bank (TCDB) CT classification it is an essential classification criterion (Marshall et al., 1991) . The TCDB CT classification categorizes TBI patients into six groups. The primary distinction is made between diffuse injury (category I-IV) and the presence of mass lesions (evacuated or non-evacuated). Within the diffuse injury category, patients are partially differentiated based on the presence, compression, or absence of the perimesencephalic cisterns. The TCDB CT classification is used to describe CT abnormalities and to stratify patients in research trials and prognostic studies (Cremer et al., 2006; Hukkelhoven et al., 2005 Hukkelhoven et al., , 2006 Maas et al., 2007; Marmarou et al., 2007; Murray et al., 2007; Steyerberg et al., 2008) . Various authors have elaborated on the aspect of the basal cisterns, but to our knowledge, no systematic evaluation of the predictive value of the individual cisterns has been performed, as has been noted before (The American Association of Neurological Surgeons, 2000) .
Research on the predictive value of the cerebral ventricles in TBI has not been as extensive as that done on the basal or perimesencephalic cisterns. Studies focusing on the third ventricle showed an association between a compressed or absent third ventricle and raised ICP and adverse outcome after severe TBI (Colquhoun and Burrows, 1989; Teasdale et al., 1984) . Recently, obliteration of the third ventricle was identified as a prognostic variable (odds ratio of unfavorable outcome: 2.2) in a multivariate predictive model of TBI . Other studies, however, did not select the status of the ventricles as an outcome predictor in a multivariable model (van Dongen et al., 1983; Wardlaw et al., 2002) , or did not find predictive power for small or asymmetrical ventricles (Eisenberg et al., 1990) . Determining the status of the basal cisterns and ventricles on CT by visual inspection is susceptible to interobserver variation; however, adequate data on inter-and intrarater variability are not available (The American Association of Neurological Surgeons, 2000) .
The aim of this study is to determine the prognostic value of the status of the various individual cisterns and ventricles as identified with CT scanning in a prospective cohort of consecutive moderate and severe TBI patients. Furthermore, to select independent predictors of functional outcome, we compare the cisterns and ventricles in a multivariate analysis. Finally, we determine the interobserver variation and intrarater reliability in the assessment of the status of the cisterns and ventricles.
Methods

Subjects
We obtained the data for this study from the Radboud University Brain Injury Cohort Study (RUBICS), which is an ongoing prospective observational cohort begun on January 1, 1998. All consecutive patients, including children, with a diagnosis of mild, moderate, and severe TBI admitted to the emergency department (ED) of the Radboud University Nijmegen Medical Centre, a level I trauma center in the eastern Netherlands, are included in the cohort. All patients with moderate and severe TBI, aged 16 years and older, admitted to the ED of our hospital between January 1998 and January 2006 were selected from the RUBICS database. Moderate TBI was defined by a Glasgow Coma Scale (GCS) score in the ED of 9-12 after initial resuscitation, or an admission GCS of 9-12 followed by sedation and intubation during resuscitation for a non-neurological cause. Severe TBI was characterized by an ED GCS score of 8 after resuscitation, preferably obtained before sedation and intubation. We focused on closed head injury cases, because penetrating head injuries may disturb the aspect of the cerebrospinal fluid (CSF) spaces too much to allow analysis. The RUBICS databank comprises demographic data, clinical and radiological injury variables, and outcome scores. Several CT characteristics and the TCDB CT classification are also recorded (Marshall et al., 1991) .
Outcome assessment
Outcome was assessed at 6 months post-injury using the Glasgow Outcome Score-Extended (GOS-E) (Wilson et al., 1998) . The 6-month time-frame was chosen because a large majority of severe TBI patients improves to their final functional outcome level, as assessed using the GOS-E, during the first 6 months post-injury (Choi et al., 1994) . The GOS-E is an 8-point scale expressing functional outcome, ranging from 1: death, to 8: complete recovery. GOS-E scores of 4 were considered unfavorable outcomes and were dichotomized as such. If no outcome could be obtained directly from the patient, charts and correspondence were reviewed to determine outcome and construct a GOS-E score. Patients with no outcome score or outcome data insufficient to determine the GOS-E score were considered lost to follow-up.
Computed tomography
After initial resuscitation all patients underwent a CT scan of the head. Only the initial CT scans of patients admitted to the hospital within 24 h after sustaining the head injury were analyzed in this study. CT was performed in the axial plane with slices scanned parallel to the orbito-meatal line. Before 2002 slice thickness was 4.5 mm infratentorial and 6.0 mm supratentorial; from 2002 on 5.0-mm reconstructions were made out of 0.75-mm slices in both the supratentorial and infratentorial regions. Contrast-enhanced CT was not used on a routine basis. Each CT scan was scored by one of three raters (B.J., T.B., and P.E.V.), using a predefined structured format as previously described ( Jacobs, 2009, epub) . In short, abnormalities like intracranial hematomas, traumatic subarachnoid hemorrhage, fractures, and the appearance of cisterns and ventricles were registered on data entry sheets and subsequently entered into the computer. In addition, all scans were classified according to the TCDB CT classification (Marshall et al., 1991) . For this study we used the data collected about the status (presence, compression, or absence) of cisterns and ventricles ( Fig. 1 ): foramen magnum, cerebello-medullary cistern, fourth ventricle, prepontine cistern, chiasmatic or suprasellar cistern (pentagon), ambient cisterns (left and right), quadrigeminal cistern, third ventricle and lateral ventricles (left and right), and the sylvian fissures (left and right).
All cisterns and ventricles were scored by visual inspection using a three point scale: 1 ¼ normal, indicating normal anatomy; 2 ¼ compressed, indicating unilateral narrowing of a cistern or ventricle (a slit-like appearance), but CSF still is 332 JACOBS ET AL. visible; and 3 ¼ absent, indicating no CSF is visible. In addition a binary score was computed for all cisterns and ventricles: ''normal'' or ''abnormal.'' The scores of the left and right ambient cistern were combined to form a comprised ambient cistern score, in which the worst score of the left or the right side was used as the new ambient cistern score. In addition, a basal mesencephalic cistern score was quantified by combining the scores for the ambient cisterns, the pentagon (suprasellar) cistern, and the quadrigeminal cistern. This definition of the basal cisterns has also been used by other authors (Chen et al., 2009; Colquhoun and Burrows, 1989) .
Statistical analysis
We used univariate and multivariate binary logistic regression analysis to identify the abnormalities in cistern and ventricle anatomy that were most strongly associated with an adverse outcome after moderate to severe TBI. Missing data were excluded from the analysis. As a dependent variable we dichotomized the 6-month GOS-E into unfavorable (GOS-E 1-4), and favorable (GOS-E 5-8), and also into death (GOS-E 1) or survival (GOS-E 2-8). First, all the variables (3-point scale scores and binary scores) were analyzed univariately to determine which of these CT characteristics was associated with unfavorable outcome and=or death. Second, significant predictors (p < 0.01) were analyzed multivariately, using the forward stepwise likelihood ratio method, to determine which combination of these variables independently predicted adverse outcome at 6-months after moderate to severe TBI. We performed three successive multivariate analyses. One multivariate analysis was done using only the 3-point scale scores, one analysis included only the binary scores, and a third combined the 3-point scale and the binary scores. To determine which of these three combinations of predictors had the best performance, the C-statistic was calculated. In order to avoid having irrelevant differences be statistically significant due to the large number of observations, we used a two-sided p-value of 0.01 as the criterion for significance in the logistic regression analyses.
To determine the interrater reliability of the scoring of the cisterns and the ventricular system, we randomly selected 73 CT scans from the RUBICS database (including mild TBI) to be scored by two observers (B.J. and P.E.V.). The interobserver variation of the 3-point scale scores was determined using a linear weighted kappa analysis, and for the dichotomized scores we used the Cohen's unweighted kappa method. Further, 68 CT scans were selected at random to determine the intrarater variation of one observer (P.E.V.), using the unweighted or linear weighted kappa analysis where applicable.
Results
We included 700 consecutive patients: 126 moderate and 574 severe TBI patients. Accurate CT data were available for 658 patients (121 moderate and 537 severe). Survival data were available for 605 patients, and data were available for 567 patients about the prediction of unfavorable outcome (complete GOS-E data). The inclusion flow chart of the study and the reasons for exclusion are shown in Figure 2 .
Several demographic, clinical, and outcome characteristics of the patient sample (n ¼ 700) are shown in Table 1 . Demographic and clinical data were missing in fewer than 0.5% of these patients. For all CT characteristics, fewer than 2.1% of the required values were missing. We studied a predominantly male population (71%) with a mean age of 43.8 years.
The main cause of traumatic injury was a traffic-related crash in severe TBI (70%) patients, and resulted from a fall in those with moderate TBI (40%). In 71 (12%) of the severe TBI patients, neurosurgical intervention (the placing of an ICP monitoring device was not regarded as such) was necessary (craniotomy for acute subdural hematoma [SDH], n ¼ 38; epidural hematoma [EDH], n ¼ 22; hemorrhagic contusion, n ¼ 7; compression fracture, n ¼ 4). In those with moderate TBI, 12 (10%) patients required neurosurgical intervention (SDH, n ¼ 6; EDH, n ¼ 5; hemorrhagic contusion, n ¼ 1). A total of 29 (23%) patients died after moderate TBI, and 222 patients died (39%) after severe TBI. Table 2 shows the patient distribution over the different categories of the TCDB CT classification.
Intracranial abnormalities were found in 433 (81%) of the severe TBI, and in 73 (60%) of the moderate TBI patients. In 47% of the severe TBI and 28% of the moderate TBI patients the basal mesencephalic cisterns were abnormal (i.e., compressed or absent).
Univariate binary logistic regression analysis showed that the status of all cisterns and ventricles was significantly ( p < 0.01) associated with both unfavorable outcome and death after moderate to severe TBI (Tables 3A and B and 4A and B); the results of the cerebello-medullary cistern, left and right ambient cisterns, sylvian fissures, and the lateral ventricles are not shown.
Univariate analysis of the GCS, one of the classical and established outcome predictors in TBI, resulted in an odds ratio (OR) of 0.8 (99% confidence interval [CI]: 0.77-0.9; p < 0.0001) in death, and 0.85 (99% CI: 0.8, 0.9) in unfavorable outcome.
First, multivariate logistic regression analysis (forward L.R. method) of all the 3-point scale (normal, compressed, or absent) scores showed that the status of the fourth ventricle and the ambient cisterns were independent predictors of death after moderate to severe TBI (Tables 5A, B, and C). When the dichotomized (normal or abnormal) scores were analyzed,
FIG. 2.
Diagram showing the inclusion and exclusion criteria of the patients examined in the study (TBI, traumatic brain injury; RUBICS, Radboud University Nijmegen Brain Injury Cohort Study; mTBI: mild traumatic brain injury; GCS, Glasgow Coma Scale score; CT, computed tomography; GOSE, Glasgow Outcome Scale-Extended). 
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again obliteration of the fourth ventricle and ambient cisterns proved to be outcome predictors (Table 5B) . After a multivariate test of all 3-point scales and dichotomized scores simultaneously, the dichotomized score of the fourth ventricle and the 3-point scale score of the ambient cisterns emerged as significant predictors of death (Table 5C ). The same procedure was followed with unfavorable outcome instead of death as the dependent variable (Tables 6A, B , and C). The results were comparable to a large extent, but there was with one exception. In the multivariate analysis of the 3-point scale scores only the status of the ambient cisterns was associated with an unfavorable outcome (Table 6A ). The GCS did not show a significant relation with outcome when we finally re-ran the different multivariate analyses of the cistern and ventricle scores including the GCS. The ORs of the fourth ventricle and ambient cistern scores were therefore not altered. Figure 3 depicts the mortality rates in the various patient categories with normal, compressed, or absent fourth ventricle, ambient cisterns, and basal cisterns.
The C-statistics of the three combinations were comparable in both dead-three-point scales: 0.80; dichotomous scores: 0.79; combined: 0.80, and unfavorable outcometrichotomous variables: 0.77; dichotomous variables: 0.76; and combined: 0.76.
The interrater kappa coefficients of the status of the fourth ventricle were 0.93 (normal versus abnormal), and 0.95 (normal, compressed, or absent), and of the ambient cisterns (0.80 and 0.81, respectively). The intrarater analysis showed kappa coefficients of the dichotomized fourth ventricle score (normal versus abnormal) of 0.89; of the 3-point scale (normal, compressed, or absent): 0.80; and of the ambient cisterns, normal versus abnormal: 0.83, and normal, compressed, or absent: 0.80.
Discussion
This study shows that from all cisterns, ventricles, and the sylvian fissures, as visualized by head CT scanning, the status of the fourth ventricle and the ambient cisterns are independent predictors of death and unfavorable functional outcome at 6 months post-trauma in moderate and severe TBI patients. We also demonstrate that the interobserver agreement and intrarater reliability for these CT characteristics are adequate.
The findings of our study are consistent with present knowledge that the status of the basal, in other studies re-ferred to as perimesencephalic, cisterns is an important aspect of the head CT exam, and is a predictor of functional outcome in moderate and severe TBI patients (Colquhoun and Burrows, 1989; Eisenberg et al., 1990; Liu et al., 1995; Maas et al., 2005; Maas et al., 2007; Selladurai et al., 1992; Toutant et al., 1984; van Dongen et al., 1983) . Absent basal cisterns, as opposed to a normal aspect of the basal cisterns, increased mortality in our study almost fivefold: 76.7% versus 16.4% (Fig. 3) . However, when the basal cisterns were analyzed multivariately, simultaneously with the other cisterns and ventricles, they did not emerge as an independent outcome predictor. In our study the ambient cisterns, a part of the basal perimesencephalic cisterns, were the strongest predictor of outcome. The predictive value of these cisterns has not been examined as a sole entity in detail before. The same holds true for the fourth ventricle, the second independent predictor we identified. The strong association of the fourth ventricle with outcome might be explained by the fact that as a midline structure, compression indicates more brain shift due to a higher ICP, or the presence of a larger intracranial mass lesion, than that seen with unilateral obliteration of other cisterns or ventricles. Alternatively, when contusion, hematoma, or edema are present within the brainstem, narrowing of the fourth ventricle may occur before obliteration of, for example, the perimensencephalic or prepontine cisterns. Finally, compression of the fourth ventricle will frequently be accompanied by deformation of the brainstem, probably more often than (unilateral) compression of the perimesencephalic cisterns. A deformed brainstem is associated with increased mortality compared to a normal brainstem with obliteration of the perimesencephalic cisterns (Liu et al., 1995) . Analogous to this, when the fourth ventricle is compressed, the brainstem is likely to be deformed as well: the status of the fourth ventricle may thus be considered a surrogate marker for brainstem integrity.
In our study, the status of the third ventricle was univariately associated with outcome; however, it proved to be one of the weakest predictors. After multivariate analysis, the third ventricle lost its predictive value, confirming findings by others (van Dongen et al., 1983; Wardlaw et al., 2002) , but contradicting studies that emphasize the predictive value of the third ventricle (Colquhoun and Burrows, 1989; Perel et al., 2008; Teasdale et al., 1984) . Interestingly, in those studies accentuating the contribution of the third ventricle, the status of the basal cisterns and third ventricle were combined to form 
336
one single characteristic. Therefore the individual contribution of the third ventricle in the prediction of outcome is not clear, and may be inferior to that of the basal cisterns. Whereas the mortality rate (39%) and proportion of severe TBI patients with an unfavorable outcome (50%) is largely in line with reports in the literature (Edwards et al., 2005; Cremer et al., 2006) , the death rate of the moderate TBI patients (23%) is relatively high. Several studies demonstrated lower mortality rates of 3-13% (Edwards et al., 2005; Fabbri et al., 2008; Fearnside and McDougall, 1998; Murray et al., 1999; Rimel et al., 1982; Vitaz et al., 2003; ) , save for one recent study that found a higher rate of 33% (Stranjalis et al., 2008) . One possible explanation for the high mortality rate in our moderate TBI patients might be the secondary and tertiary referral function of our level I trauma center. This results from the transfer from adjacent hospitals of more severely injured moderate TBI patients, for instance patients with severe CT abnormalities at risk for deterioration or needing immediate neurosurgical intervention (and surgical intervention in cases of polytrauma). Also, some of the studies that found a lower mortality rate in moderate TBI included patients with a hos-pital admission GCS score of 13. It is well known that the case fatality rate in GCS 13 patients is lower than in GCS 9-12 patients. Although still debated, in many other studies of TBI, also from our institution, patients with a GCS score of 13 were classified as having mild TBI (Fearnside and McDougall, 1998; Smits et al., 2005; Stulemeijer et al., 2006; Fabbri et al., 2008) .
Notwithstanding the fact that CT is already the diagnostic tool of choice in moderate and severe TBI, and that its prognostic value has been well established, the relative importance of CT in the prediction of outcome may have increased in recent years. This is related to the observed loss of predictive power of the GCS as a classic outcome predictor and determinant of TBI severity (Balestreri et al., 2004) . Intensified prehospital treatments, comprised of early sedation and intubation, of trauma patients hampers valid neurological examination and results in erroneously low GCS scores (Balestreri et al., 2004) . Nevertheless, in our study, the GCS was univariately associated with both death and unfavorable outcome. In the multivariate analyses this association was, however, lost.
Formal data on the inter-and intraobserver reliability of scoring individual cisterns and ventricles, particularly in TBI, are absent (The American Association of Neurological Surgeons, 2000) . In a previous study we described the interrater and intrarater coefficients for the TCDB CT classification, but not for the individual CT characteristics, and demonstrated high reliability in the scoring of the different TCDB categories (Vos et al., 2001) . Considering the significant role of the appearance of the basal cisterns in the TCDB CT classification, one might assume that the reliability of scoring the basal cisterns would show comparable coefficients. Nonetheless, both the interrater and intrarater kappa coefficients found in our current study are more than adequate (Landis and Koch, 1977) .
Limitations
We are aware of some limitations of our study. The first limitation is due to the missing data in this prospective study. Because of missing relevant CT data, 21 patients (3.0%) had to be excluded. Moreover, for some of the CT characteristics the percentage of missing values was up to 2.1% (aspect of the fourth ventricle, quadrigeminal cistern, sylvian fissures, and lateral ventricles). Additionally, not all included patients could be used for outcome prediction analysis. In the severe TBI group of 31 patients (5.4%), only data on survival, but no adequate GOS-E scores were available, and 36 patients (6.3%) were completely lost to follow-up, mainly due to the inclusion of patients from abroad that were unable to be present for follow-up consultations. For the moderate TBI patients, loss to follow-up was 13.5% (n ¼ 17), and for 7 patients (5.6%) insufficient outcome data were registered to ascertain the GOS-E. The rate of loss to follow-up for the entire study was 7.6%. In a recent review of prognostic models of TBI, less than 10% was considered an acceptable rate of loss to follow-up (Perel et al., 2006) .
Secondly, this study was based on the acute CT characteristics of TBI (i.e., the first CT scan only). Severe, and to a lesser extent also moderate TBI, however, are dynamic pathological processes in which CT scans show changes that take place over time post-trauma. This has been demonstrated for traumatic intracerebral hematomas, brain swelling and edema, midline shift, and post-traumatic cerebral infarction (Clifton et al., 1980; Cooper et al., 1979; Lobato et al., 1997; Narayan et al., 2008; Servadei et al., 2000) ; however, this has not been shown specifically for the status of cisterns and ventricles. The eventual outcome is more accurately predicted using data from sequential rather than initial CT scans (Lobato et al., 1997) . Nevertheless, we think the findings of the initial CT scan remain important in clinical decision making and for prognostic purposes. Furthermore, these findings are also strongly associated with outcome after TBI .
Conclusion
In moderate and severe TBI, a combination of the status of ambient cisterns, as assessed with a simple 3-point score (normal, compressed, or absent) , and the status of the fourth ventricle, described as either normal or abnormal, proved the most powerful predictors of outcome at 6 months post-injury. The currently most widely used parameter, the status of the basal perimesencephalic cisterns, was surpassed in predictive value, and therefore the ambient cisterns and the fourth ventricle may be considered good alternatives for use in CT prediction models. The assessment of the ambient cisterns and the fourth ventricle also had sufficient interrater and intrarater reliability.
